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Abstract

This work describes applying the photoacoustic (PA) technique to the measurement of
thermal conductivity at elevated temperatures. The PA techniqgue has been shown to be
successful for thermal conductivity measurements at the room temperature, yet no measurements
have been performed at high temperatures. In this work, the design of photoacoustic cell for high
temperature measurement is described in detail. The maximum measurement temperature is
limited by the operation temperature of the microphone and its accessories used in this work.
Measurement results of a ceramic sample will be discussed. The photoacoustic theory for
measuring thermal properties of a sample with an arbitrary number of thin film layers and
contact resistances will also be described.
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|. Introduction

Thermal conductivity is one of the most important properties for understanding and
calculating the heat transfer process in a material [1]. Many techniques have been developed to
measure thermal conductivity of materials, which can be characterized into contact and nor-
contact methods. The contact methods, such as using thermocouples or thin film thermisters,
introduce errors caused by contact resistances, and are often time consuming in preparation of
experiments [2]. On the other hand, the non-contact techniques, such as optical techniques, are
generaly more flexible in terms of the types of materials can be measured and require minimum
sample preparation.

The photoacoustic (PA) technique is a noncontact method that has been used
successfully to measure thermal conductivity of many materials [2, 3]. As first explained by
Rosencwaig and Gersho [4], the PA signal is the result of thermal expansion of the gas adjacent
to the sample surface that is heated by some modulated thermal sources. Since then, the PA
technique has been investigated by many researchers to expand its capability [2, 3, 5, 6]. The
principle of the PA method can be explained as follows. A heating source (for example, a laser
beam) with periodic heating pulsesis applied on the sample surface. Thus, the temperature of the
air above the sample changes periodically due to conduction from the sample, and an acoustic
wave is generated because of the thermal expansion of the air. This acoustic wave is sensed by
the microphone, and its amplitude can be related to thermal properties of the sample. Therefore,
by analyzing the magnitude and/or phase of the acoustic wave, thermal conductivity of the
sample is obtained.
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Our previous work was focused on PA measurements at the room temperature [2, 3].
However, for many situations, values of thermal conductivity at higher temperatures are needed.
In this work, we describe development of an experimental apparatus for high temperature
measurements. The design of the photoacoustic cell capable of measuring thermal conductivity
at elevated temperatures is described in detail. Preliminary experimental results on a ceramic
sample are presented.

II. Photoacoustic Theory

A PA theory has been developed to handle measurements of multiple layer samples with
contact resistance between any two adjacent layers [2, 3]. The mathematic formulation is briefly
described here. The sample is assumed to have a backing material (0) and N successive layers. A
certain type of gas, such as the air, is above the sample as the N+1 layer. The top surface is
heated by a modulated laser beam, whose intensity is of the form of 0.515(1+cos(?t)), wherel, is
the maximum incident laser intensity and ? is the angular modulation frequency of the laser
beam. It is shown that if the dimension of the photoacoustic cell is much larger than the thermal
diffusion length in the gas, the photoacoustic signal (the pressure signa in the gas) is
independent of the lateral laser energy distribution on the sample surface, and the PA effect can
be described using a 1-D formulation. Treating the absorbed laser power in each layer as the
internal energy source and applying interface boundary conditions of temperature and heat flux
continuity, the 1-D heat conduction equation can be solved analytically to obtain the transient
temperature in each layer and in air. The detailed derivation process is described elsewhere [2,
3]. The resulting complex temperature distribution in the air (layer number N+1) can be written
as:
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where r is the reflectivity of the sample surface, and x is the coordinate along the thickness
direction. ?=T;-T, is the modified temperature in layer i, and T, is the ambient temperature. The
expression for By IS
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In the equations above, s, = (1+ j)a, j isthe complex constant v- 1, a, = /pf /a, and |,

is the position of the interface between layer i and layer i+1. f is the modulation frequency, k; is
the thermal conductivity of layer i, R ;.1 iS the contact resistance between layer i and layer i+1,
and (% is the optical absorption coefficient of layer i. It has been shown from generalized PA
theory [3] that the amplitude of the PA signal can be calculated as:

A= absg(l' r ) ByaFo /\/EIN+1aN+1T08 (2)

where Py is the ambient pressure.

[11. High Temperature Photoacoustic Appar atus

The schematic of the PA apparatus is shown in Fig.1. A fiber laser of wavelength 1.1 nm
is modulated by an acoustic-optical modulator (AOM) whose frequency is controlled by a lock-
in amplifier. The frequency used in this work varies from 1 kHz to 20 kHz. The laser beam is
directed onto the sample which is mounted in the side wall the photoacoustic cell. The
microphone senses the signal from the sample, and sends the signa to the preamplifier,
conditioning amplifier and then the lock-in amplifier, which measures the acoustic signal at the
modulation frequency. A PC is used to record data and control the experiments.
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Figure 1. Schematic of the high temperature photo-acoustic apparatus.

The high temperature photoacoustic cell has a cylindrica geometry, which has a 4 mm
inner diameter and 9.7 mm height. The cell is designed to be small enough to produce a strong



PA signal, but large enough so that a microphone can be inserted. The cell is made of sapphire,
with a glass cover glued on the top. A spring is used to push the cell against the sample surface.
The microphone (Model 4938 from Briel & Kjaa) with the preamplifier (Model 2670 from
Briel & Kjaa) is inserted into the cell from an opening on the wall, and is sealed with Teflon
tapes. The diameter of the microphoneis 6.4 mm.

Sapphire is chosen to construct the cell for several reasons. The first isthat it can be used
at high temperatures. Also, it istransparent to the laser beam. Another cell made of steel was also
tested. However, it was found that the steel cell did not work well due to multiple reflections of
the scattered laser light within the cell. Absorption of light by steel also caused experimental
error.

A top flange and a bottom flange are used to hold the sample, the microphone and the PA
cell together. A glass window is mounted on the top flange to allow the laser beam to pass
through. The top flange is fitted with a gasinlet (not shown in the figure). The use of the flanges
and gas inlet allows the environment in the cell to be controlled. An electric heater is used to heat
the sample. The temperatures of the heater and the sample surface are controlled by a thermostat.

The highest temperature that the sample can be measured at is limited by the maximum
operation of the microphone and the preamplifier, which is 300 °C and 150 °C, respectively.
Therefore, the highest temperature for the sample is about 150°C. By changing the thermal
design of the cedll, it is possible to lower the temperature of the pre-amplifier, therefore, to
increase the temperature of the measurement. However, to our knowledge, there is no
commercially available miniature microphone operated at temperatures higher than 300 °C.

A glass coated with 70 nm Ni is used as the reference. This reference and the sample are
measured at two elevated temperatures (70°C and 110°C) as well as the room temperature. The
theoretical signal of the reference sample Aperer 1S calculated from Equation 2. The
experimentally measured amplitudes of the reference and the sample are denoted Agpy et @nd
Acprsamp- Thetheoretical amplitude of the sample Aper samp 1S therefore expressed as:
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Vauesof Aper samp Obtained at al the frequencies (from 1 kHz to 20 kHz) are then used in
aleast square fitting procedure to obtain the thermal conductivity of the sample.

V. Experimental Results

In the experiment, both the sample and the reference are first measured using another PA
cell constructed using acrylics. The acrylic cell has been shown to be able to provide accurate
measurement of the thermal conductivity by comparing the measured data with the laser flash
method and published data, with an accuracy of = 5% [7]. The sample used in this work is 1Imm
thick zirconium aloy with a 0.036 mm thick oxide layer on the surface. The thermal
conductivity of the oxide is to be determined. Both the sample and the reference are coated with



70 nm Ni to obtain identical absorption of the laser energy. Knowing the absorption of the
sample or having the same absorption for the reference and the sample is very important to
obtaining accurate results.

The result of data processing is shown in Fig. 2. The value of the thermal conductivity of
the sample (the oxide) at the room temperature is found to be 2.07 W/meK. The reference and the
sample are then measured using the sapphire cell at the room temperature. The result isin shown
Fig. 3, and the thermal conductivity is found to be 2.02 W/meK. This value is very close to the
value obtained from the acrylic cell, indicating that the high temperature cell aso povides
accurate measurement results.

310°

2510°

plitude
N
5

~ am

.510°

110°

5107

—Fitted results
o Experiment

310°

2510° |

amplitude
N
5,
T

1.510° [

110° -

5107

— Fitted results
o Experiment

=]
0Oonp
?om

510 210* 0 5000 1.510° 210*

0 5000

110" 1
Frequency(Hz)
Figure 2. Amplitude of the photoacoustic signal and the
fitting of thermal conductivity using the acrylic cell at
the room temperature (24°C)
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Figure 3. Amplitude of the photoacoustic signal and
thefitting of thermal conductivity using the high
temperature cell at the room temperature (24°C)

The reference and the sample are then measured at two elevated temperatures, 70 °C and
110 °C. The results are given in Fig. 4 and Fig. 5. The therma conductivity obtained from the
data processing is 2.21 W/meK for 70°C and 2.24 W/meK for 110°C. In the data processing,
temperature dependent data of thermal conductivity, specific heat, and density of the alloy are
used, while the specific heat and density of the oxide are room temperature data since the
temperature dependent values are not available.
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Figure 4. Amplitude of the photoacoustic signal
and the fitting of thermal conductivity at the temperature
of 70°C

Figure 5. Amplitude of the photoacoustic signal and
the fitting of thermal conductivity at the temperature
of 110°C



The uncertainty of the PA signal amplitude is about 0.5%. It is shown from the
uncertainty analysis that the thermal conductivity has an uncertainty of 0.1W/meK [2].

It is seen from the experiment results that the thermal conductivity of the oxide slightly
increases with the temperature increase. This trend of increase of thermal conductivity with
temperature is in consistent with the genera trend of the thermal conductivity of nonmetallic
solids [1]. If the thermal design of the PA cell is optimized so that the measurement temperature
can be increased, the dependence of thermal conductivity on temperature can be better evaluated.

V. Conclusions

This work presents using the photoacoustic (PA) technique to measure thermal
conductivity at high temperatures. The design of a high temperature photoacoustic cell is
described. The accuracy of the measurement apparatus is verified, and thermal conductivity of a
ceramic sample at 70 °C and 110 °C is measured. Experiments at higher temperatures are
possible if microphones operated at higher temperatures become available.
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